Infertility affects about 15% of couples of reproductive age. The male factor is involved in nearly 50% of infertility cases. Defective human sperm function has been associated with evidence of high levels of reactive oxygen species (ROS) and a resultant loss of fertilizing potential in vivo and in vitro. Analogous to what has been observed in somatic cells, mitochondria are likely the major sources of ROS in sperm cells. In this study, we analyzed mitochondrial function using high-resolution respirometry, ROS production, and footprints of oxidative and nitrative stress processes in intact human sperm cells. We showed that mitochondrial dysfunction (measured through the respiratory control ratio) was correlated with a decrease in human sperm motility. The samples analyzed presented nitro-oxidative modifications of proteins, such as protein 3-nitrotyrosine, that were observed mainly in the midpiece (where mitochondria are localized) and in the sperm head. Semen samples presenting lower percentage of motile sperm showed higher amounts of nitro-oxidative protein modifications than those with larger quantities of motile sperm. When spermatozoa were exposed to inhibitors of the respiratory mitochondrial function, in the presence of a nitric oxide flux, sperm produced potent nitro-oxidative species (i.e., peroxynitrite). This effect was observed in more than 90% of intact living sperm cells and in sperm mitochondrial fractions. These data suggest that dysfunctional mitochondria in sperm cells produce oxidants that may contribute to male infertility. These data provide the rationale for testing the potential of compounds that improve sperm mitochondrial function to treat male infertility. male infertility, mitochondria, nitro-oxidative stress, reactive oxygen species, sperm motility and transport
INTRODUCTION
Approximately 15% of sexually active reproductive-age couples are infertile [1, 2] , with the male factor contribution responsible for approximately 50% of the infertility cases [3, 4] . Most men produce sufficient numbers of spermatozoa to achieve fertilization in vivo, but, in infertile men, these cells are unable to fertilize, making defective sperm function the single largest defined cause of human infertility [5] . The causes that produce defective sperm are unknown in 30%-50% of cases [1] .
Recently, mitochondrial dysfunction has been associated with specific diseases, such as diabetes, Parkinson disease, Alzheimer disease, and heart failure [6] . However, the role of dysfunctional mitochondria in defective sperm has rarely been analyzed [7, 8] .
Sperm mitochondria are different morphologically and biochemically from mitochondria of somatic cells. The spermatozoon is a terminally differentiated cell, and most of its components are removed during differentiation, including part of the cell's antioxidant defenses. A variable number of mitochondria (20-70 in mice) ultimately remain restrained in the mid-piece, tightly wrapped by disulfide bridges [9] . Many mitochondrial proteins and enzymes are specific isoforms in sperm mitochondria [10] , and these isoforms might allow sperm cells to modulate mitochondrial function at different fertilization stages [10, 11] . Multiple data have emphasized that mitochondrial morphology and functionality are important for sperm activity (e.g., defects in sperm mitochondrial ultrastructure were associated with decreased sperm motility in humans [12] , the activity of sperm mitochondrial enzymes was correlated with sperm parameters [13] , and many different electron transport chain [ETC] inhibitors have been shown to affect sperm motility negatively [11, 13] ).
In addition, defective human sperm function has been associated with evidence of high levels of reactive oxygen species (ROS), the induction of lipid peroxidation, and the resultant loss of fertilizing potential in vivo and in vitro [14] [15] [16] [17] [18] . Analogous to what has been observed in somatic cells [19] , mitochondria are likely the major sources of ROS in sperm cells. ROS generation is believed to involve electron leakage from ETCs during cellular respiration. An estimated 0.2% of consumed oxygen is converted into superoxide anion (O 2 À ) via this route [19] [20] [21] , which could reach 2% during mitochondrial dysfunction [21] . Human sperm synthesize nitric oxide radicals ( NO) [22] , and they are also exposed to NO, which is produced by seminal leukocytes [18] . The diffusioncontrolled reaction of O 2 À and NO forms peroxynitrite anion [23] . Together with its conjugated acid (ONOOH), peroxynitrite anion represents a potent oxidizing and nitrating species formed in vivo [24, 25] . Peroxynitrite is typically formed in the vicinity of O 2 À generation sites; therefore, mitochondria were recognized early to constitute major intracellular sources [25] . Peroxynitrite interacts with mitochondrial protein and lipids, causing nitro-oxidative damage [25] [26] [27] [28] . These pathways, which have already been established in somatic cells [25, 29, 30] , are not completely understood in sperm [7, 31, 32] .
Although many functions are now known to be involved in the organelle, the principal role of the mitochondria is to generate ATP via the oxidative phosphorylation (OXPHOS) metabolic pathway, and ATP is needed for a variety of cellular processes that assure the quality and fertilizing ability of sperm cells. The correct production of mitochondrial ATP is challenged during mitochondrial dysfunction [33] . Sperm mitochondrial dysfunction may increase ROS production. ROS could produce oxidative damage in sperm, with the resultant loss of fertilizing potential. The aim of this study was to test whether mitochondrial function was correlated with the quality of human sperm cells and with the production of ROS.
We found a significant correlation between mitochondrial function and sperm motility. The data presented here provide new evidence supporting the concept that mitochondrial dysfunction might produce nitro-oxidative stress, causing defective sperm cells.
MATERIALS AND METHODS

Ethical Guidelines
The Ethics Committee of the School of Medicine, University of the Republic, Montevideo, Uruguay, approved the protocol. Informed, written consent was obtained from subjects prior to sample collection, and the semen samples were handled with numbers to maintain anonymity between the laboratory personnel and patients.
Subject Selection
The subjects were 100 men, aged 18-61 yr, and they were referred to the Andrology Clinic (Fertilab) in Montevideo, Uruguay, for semen evaluation between November 2012 and March 2014. Semen samples were obtained by masturbation after a recommended 3-day abstinence. All of the subjects included in the study exhibited a seminal white blood cell count , 0.5 3 10 6 / ml, which was less than the pathologic concentration [34] . Semen cultures were negative for microrganisms.
Semen Evaluation
After liquefaction at room temperature (RT) for 30 min, the semen volume, pH, sperm concentration, viability, motility, and normal morphology were determined according to the World Health Organization (WHO) guidelines [34] . Computer-assisted sperm analysis (CASA) for sperm motility assay was also performed. Briefly, semen aliquots (7 ll) were placed in CELL-VU disposable counting chambers (Millennium Sciences, Inc., New York, NY). Two chambers were loaded, and six different fields per chamber were randomly examined. Movement characteristics were evaluated using an automated analyzer (SCA-Microoptics, Barcelona, Spain), with parameter settings conforming to the WHO criteria [34] . Kinetic characteristics were examined only for motile sperm and were expressed as mean values, considering the commonly reported CASA parameters: curvilinear velocity (VCL); the amplitude of lateral head displacement (ALH) in micrometers; the average path velocity (VAP); the straight-line velocity (VSL); the straightness; and, finally, the linearity. For the experiments in which sperm production of ROS was evaluated, aliquots of 0.5 ml of the samples were purified by density gradient centrifugation (DGC).
Density Gradient Centrifugation
The sperm preparation was done using 45%-90% double density gradient (SpermGrad; Vitrolife, Göteborg, Sweden). Media were brought to 378C. Using a sterile pipette, 0.5 ml of liquefied semen sample was placed on top of the upper layer into a 15-ml Falcon conical tube. The tube was centrifuged at 400 3 g for 20 min. The supernatant was then removed and the pellet was suspended in a volume of 1 ml of medium and again centrifuged at 400 3 g for 10 min. The pellet was resuspended in a volume of 0.5 ml of medium. An aliquot was examined for sperm concentration, sperm motility, and leukocyte concentration. Other aliquots were used for the multiparameter flow cytometric analysis and for oxidant detection with dihydrorhodamine-123 (DHR123).
Evaluation of Sperm Respiration Control Ratio by HighResolution Respirometry
The oxygen consumption of spermatozoa from patients showing different motility percentages was determined by high-resolution respirometry (HRR). HRR integrates highly sensitive oxigraphs (Oxygraph-2 K; Oroboros Instruments GmbH, Innsbruck, Austria) with software (DatLab, version 4.2; Oroboros Instruments GmbH) that presents respiration in terms of oxygen flux (pmol O 2 /10 6 cells/sec) [35] . Basal respiration was measured for 10 min prior to blocking of mitochondrial ATP synthase using 1 lg/ml oligomycin (SigmaAldrich, St. Louis, MO). Maximal respiration was obtained by subsequent stepwise addition of the uncoupling agent 0.5 ml carbonyl cyanide-Ptrifluoromethoxy-phenylhydrazone (FCCP; Sigma-Aldrich). Oxygen consumption was also recorded after adding 2.5 lM antimycin A (Sigma-Aldrich). The use of antimycin A (a complex III inhibitor that disrupts the formation of proton gradient across the inner membrane) assisted in distinguishing mitochondrial from residual (non-electron transport chain-dependent) oxygen consumption, as described previously [35] .
A total of 20 3 10 6 sperm cells/ml from the semen of each patient was washed in PBS and evaluated in Biggers Whitten Whittingham (BWW) þ BSA medium (95 mMNaCl, 4.8 mMKCl, 1.7 mM CaCl 2 , 1.2 mM KH 2 PO 4 , 1.2 mM MgSO 4 , 5.6 mM glucose, 0.25 mM sodium pyruvate, 20 mM acid-free Hepes, 25 mM NaHCO 3 , 20 mM lactic acid, and 5 mg/ml BSA; pH 7.4). The stirrer speed was set to 750 rpm. Mitochondrial function was expressed as the respiratory control ratio (RCR) of the intact cells. The RCR is a ratio of two rates: the uncoupled rate (in the presence of FCCP) and the rate in the presence of oligomycin. RCR was calculated as: 
Peroxynitrite Treatment and Quantification
Peroxynitrite was syntetized and handled in a quenched-flow reactor as described previously [36] . Briefly, solutions of 0.6 M sodium nitrite and 0.6 M acidified hydrogen peroxide were pumped together to a T junction, and perxynitrous acid was rapidly quenched by 1.5 M NaOH at a second T junction. The alkaline solution was then mixed with granular manganese dioxide in order to eliminate excess hydrogen peroxide and was shaken at 48C for 30 min [37] .
Peroxynitrite concentrations were determined spectrophotometrically at a k 302 nm (e ¼ 1670 M À1 cm
À1
). The nitrite concentration in the preparations was typically lower than 20% relative to peroxynitrite. Control of nitrite levels was critical for obtaining reproducible data, because, if present in excess, nitrite can react with OH and other oxidants and yield NO 2 [38] .
Immunochemical Detection of Protein Nitrotyrosine and Hydroxynonenal-Modified Proteins
Semen samples were washed, sonicated, and centrifuged at 5000 3 g. Protein samples (30-40 lg) were separated on a 10% SDS-polyacrylamide gel and were transferred to nitrocellulose membrane (GE Healthcare, Piscataway, NJ) overnight at 100 mA and 48C. The immunochemical detection of protein 3-nitrotyrosine and hydroxynonenal (HNE)-modified proteins was performed with a highly specific rabbit polyclonal anti 3-nitrotyrosine antibody developed in our laboratory [39] and a rabbit polyclonal antibody to 4-HNE (Abcam, Cambridge, UK). The membranes were blocked for 1 h at RT in PBS supplemented with 0.6% vol/vol Tween-20 and 5% wt/vol milk. Next, the membranes were incubated with the polyclonal anti-3-nitrotyrosine antibody (1:2000) or with the anti-4-HNE (1:200) in the same blocking buffer for 1 h at RT with gentle agitation. Subsequently, the membranes were washed twice for 10 min and three times for 5 min in PBS plus 0.6% Tween-20. Then, the membranes were incubated with anti-rabbit IR Dye 800CW (Li-COR, Lincoln, NE) at 1:20 000 for 1 h in PBS plus 0.2% Tween-20 in PBS (1:10 000), for 1 h at RT. The membranes were washed four times for 15 min, and signals were detected using the Odyssey CLx Infrared Imaging System (Li-COR).
Signals were analyzed using Odyssey CLx and ImageJ software. Density of the area of each lane was measured. The relative levels of nitrotyrosine and CASSINA ET AL.
protein adducts of 4-HNE were quantified and normalized with exogenous nitrated sperm samples that were run at the same time (control). The measures were expressed as percentage relative to the density of the control.
Oxidant Detection in Sperm Cells with a Fluorescent Probe: DHR123
Nitric oxide: quantification and utilization. A NO donor, NOC-7 (1-10 mM), from Alexis-Biochemicals (Farmingdale, NY), was prepared in 0.1 M NaOH. NO flux was quantified following the oxidation of oxyhemoglobin into methemoglobin at k 577 nm and 630 nm [40] for 10 min (as an example, 5, 10, and 30 lM must correspond with linear flux for 5-10 min of 0.5, 0.7, and 2 lM min À1 at 378C, respectively). Enriched sperm cell mitochondrial fraction. Semen samples were washed three times in PBS, sonicated, centrifuged at 1000 3 g, and the supernatant was recentrifuged at 10 000 3 g. Specific activity of succinate dehydrogenase (SDH) as a mitochondrial marker was determined in each fraction and expressed as activity per milligram of total protein. SDH was measured spectrophotometrically in the presence of 20 lM 2,6-dichlorophenolindophenol (DCPIP), 15 mM succinate, 50 lM decilubiquinone in dimethyl sulfoxide, and 2 lM potassium cyanide. Reduction DCPIP was followed at 600 nM (e ¼ 20.5 mM À1 cm À1 ). Enzymatic determination was performed in 50 mM phosphate buffer (pH 7.4) using 0.1-0.2 mg proteins [28] . Protein concentration was determined using the method of Bradford [41] . The pellet obtained after the second centrifugation (mitochondrial-enriched fraction) presented three times higher SDH-specific activity than the original fraction.
The mitochondrial-enriched fraction was resuspended in PBS. A total of 0.7 mg/ml protein per well was analyzed for the production of peroxynitrite in vitro, using succinate as a mitochondrial substrate under the same conditions described for intact cells. An additional well including methionine (peroxyni-
) was added in each experiment. The experiment was performed in triplicate and the mean 6 SE calculated.
Intact cells. Semen samples were washed three times by centrifugation at 300 3 g and were resuspended in BWW. Four million sperm cells were incubated with DHR123. DHR123 oxidation into rhodamine (RH) was used to evaluate peroxynitrite mitochondrial sperm cell formation after incubation with antimycin A plus the NO donor NOC-7 [24] . RH was obtained after two sequential one-electron oxidations of DHR123 peroxynitrite-derived radical. RH formation was followed online in a fluorescence plate reader (Fluostar; BMG Lab Technologies, Offenburg, Germany) with continuous orbital shaking at 378C for 30 min with k excitation ¼ 485 nm and k emission ¼ 520 nm. The percentage of fluorescence was measured after 20 min. The experiment was performed in triplicate and the mean 6 SE calculated.
To evaluate RH localization, living sperm cells were examined with an inverted confocal fluorescence microscope (LeicaTCS SP5 II; Leica Microsystems, Wetzlar, Germany) at k 488 nm with a 633, 1.4 NA oil objective. Digital photographs were recorded, and Adobe Photoshop software, version 5.0 (Adobe Systems Inc., San Jose, CA) was utilized for image processing.
Quantification of RH formation by flow cytometry. Semen samples were washed by centrifugation at 400 3 g and were resuspended in PBS. A total of 30 million sperm cells ml À1 were exposed to 50 lM of DHR123. After incubation with the probe, sperm cells were treated with antimycin A (2 lM) plus NO donor NOC-7 (30 lM). RH generation was evaluated by flow cytometry. The samples were analyzed using FACS Calibur flow cytometer (Becton Dickinson, San Jose, CA) with excitation wavelength 488 nm. For each sample, 30 000 events were recorded in the forward light scatter/side light scatter dot plot. A gate was used to separate sperm from debris. Oxidation of DHR123 was detected using a 530-nm/30-nm bandwidth filter (FL-2). Samples were analyzed with Cell Quest software.
Immunofluorescence
Sperm smears were prepared on poly-L-lysine-coated microscope slides and were fixed (4% paraformaldehyde in 0.1 mol/L sodium phosphate buffer, pH 7.4) for 30 min at RT. Spermatozoa were then permeabilized in 0.1% Triton X-100 (Sigma-Aldrich) in PBS for 10 min and incubated for 48 h at 48C with the same anti-rabbit anti-nitrotyrosine antibody (diluted 1:200) described above. Sperm were incubated with secondary antibody and with a tyramide signal amplification kit (T20922; Invitrogen, Life Technology, Carlsbad, CA). Normal nonimmune serum was used instead of the primary antibody for negative control samples. A control of sperm cells fixed with methanol during 10 min was also performed. Nuclei were visualized by staining with 4 0 ,6-diamidine-2-phenylindole (DAPI; Sigma-Aldrich). Confocal microscopy was performed using a LeicaTCS SP8 (Leica Microsystems). Argon-ion (k 488 nm) and k 405 nm lasers (633, 1.4 NA and 1003, 1.4 NA oil objectives) were used.
Digital images
were recorded, and Adobe Photoshop software, version 5.0, was utilized for image processing.
Statistical Analysis
Statistical analysis was performed using GraphPad Software, Inc., (San Diego, CA). The data are presented as medians or as means 6 SE. The mean of each semen analysis variable was compared using Student t-test. The production of RH fluorescence under different conditions was compared using one-way ANOVA followed by Tukey test. Densitometry results were analyzed using the Mann-Whitney test. Spearman rank correlation test was applied to correlate the associations between RCR and sperm variables. All of the hypothesis tests were two tailed, with statistical significance assessed at P , 0.05 level.
RESULTS
Semen Samples
The medians, means, and SE for the age and semen parameters provided by the subjects are reported in Table 1 . Sperm motility is shown as the percentage of sperm presenting fast motility (a), progressive motility (a þ b), and total motility (a þ b þ c) ( Table 1) . Semen parameters were distributed between a wide range of values and included samples with normal and abnormal values, according to the WHO criteria [34] .
Analysis of Sperm Respiratory Function
To analyze the respiratory function of sperm obtained from the subjects of the study, all of the samples were examined with HRR.
A representative sample of the oxygen consumption, measured by HRR, is shown in Figure 1 . Semen samples exhibiting low proportions of motile sperm (green trace) presented lower basal respiration than those samples with higher percentages of motile sperm (red trace). In these particular samples, the basal O 2 consumption rates were 0.3 pmol/(sec À1 million) and 0.7 pmol/(sec À1 million), respectively. After adding oligomycin, the inhibition of ATP synthesis was evidenced by a decrease in oxygen consumption in both samples. Careful titration with FCCP showed a maximum respiration rate that was higher in samples with high proportions of motile cells (red trace). From these data, the RCR was calculated.
When the RCR was calculated in both representative traces, the red trace presented a higher RCR (Fig. 1) . The RCRs in these particular samples were 2.11 (green trace) and 7.5 (red trace).
Sperm RCR and Correlation with Motility
Human sperm mitochondrial oxygen consumption depended on sperm parameters. The RCR was positively correlated with sperm morphology (rs ¼ 0.35; P ¼ 0.0005), sperm vitality (rs ¼ 0.4; P , 0.0001), and sperm concentration (rs ¼ 0.3; P ¼ 0.0024). No correlations were found, either between the RCR and subject age or with leucocyte sample concentration.
Regarding motility, both progressive motility (a þ b) (Fig.  2) and total motility (a þ b þ c) (rs ¼ 0.3; P ¼ 0.002) (data not shown) were positively correlated with oxygen consumption, measured as RCR. The mean of the RCR was statistically significantly lower in the group of samples showing motility ,32% than in those with motility greater than this value ( Fig.  2A) . Similar results were obtained when total motility was analyzed, and 40% of total motility was used as the cut-off value (data not shown). Values .32% of progressive motility and .40% of total motility were considered to indicate good SPERM MITOCHONDRIAL DYSFUNCTION prognosis for conception according to the WHO guidelines [34] .
CASA was performed to assess sperm kinetic characteristics (Fig. 3) . VCL (Fig. 3A) , the VSL (Fig. 3B) , the VAP (Fig. 3C) , and the ALH (Fig. 3D ) were positively correlated with the RCR.
Evidence of Nitro-Oxidative Protein Modifications
Two well-recognized biomarkers were used to analyze nitro-oxidative stress in 20 samples with different percentages of motile sperm (Fig. 4) ; 3-nitrotyrosine that is a relevant biomarker of NO-dependent oxidative stress and 4-HNE that is one of the major end-products of lipid peroxidation [30, 42, 43] .
Immunodetection of the signal of representative semen samples for anti-3-nitrotyrosine (Fig. 4A) and for anti-4-HNE (Fig. 4A) protein adducts are shown. Quantification of signal density was higher in those samples presenting lower percentage of motile sperm compared with those with higher motility, being statistically significant in the case of nitrotyrosine formation (Fig. 4C) .
Localization of Nitro-Oxidative Protein Modifications
Biological nitration was detected mainly in the mid-piece and in the head of sperm cells (Fig. 5A) . The exposure of sperm cells to peroxynitrite showed wider nitration of the cells. The complete tail was nitrated (Fig. 5B) .
Evidence of Peroxynitrite Production by Enriched Sperm Mitochondrial Fraction Exposed to NO
The ability of sperm mitochondria to produce ROS was also evaluated by the peroxynitrite production in sperm cell mitochondrial-enriched fractions exposed to NO in the presence of mitochondrial respiratory substrate (Fig. 6 ). Maximal production of RH was also obtained at 30 lM NOC-7. This state was obtained at the moment when the NO and O 2 À fluxes were equimolar. Methionine caused inhibition of NO þ O 2 À -dependent DHR oxidation and confirmed that peroxynitrite mediated this process. When supplemented with antimycin A in the presence of an exogenous source of NO, secondary to the exposure to sustained NO production (NOC-7), DHR oxidized into RH. The amount of fluorescence produced by RH formation reached statistical significance when O 2 À and NO were formed together (P , 0.01; Fig. 6 ). CASSINA ET AL.
Evidence of Peroxynitrite Production by Living Sperm Cells Exposed to NO
The ability of sperm mitochondria to produce ROS was also evaluated by peroxynitrite production in intact sperm cells exposed to NO (Fig. 7A) . Sperm cells were placed with DHR in BWW and antimycin A; immediately after, NOC-7 was added to the mixture, and fluorescence was observed for 20 min. Maximal production of RH was obtained at 30 lM NOC-7 (Fig. 7A) .
Titration of the optimal concentration of NOC-7 was previously performed (data not shown) and was fixed at 30 lM NOC-7. DHR reacted with NO 2 and OH, which derive from peroxynitrite, instead of reacting directly with peroxynitrite; therefore, the inhibitory action of excess NO was expected as a consequence to its reaction with semioxidized DHR radical intermediates [44] . In parallel, sperm cells were observed under confocal microscopy, and they presented visible fluorescence in the mid-piece (Fig. 7B) . The fluorescence of RH that evidenced ROS production was less frequently observed in sperm cells under control conditions (without antimycin A and NOC-7; Fig. 7B, b) .
RH formation by sperm cells purified by DGC was also followed online in a fluorescence plate reader. The results obtained with DGC-purified semen samples mirrored those using nonpurified sperm (Fig. 7C) , meaning that, although leucocytes may represent a possible source of ROS, sperm mitochondria produce those species as well.
Quantification of RH by flow cytometry revealed that mean fluorescence increased two-fold when the sperm cells were treated with AA and NOC-7 compared with cells incubated with DHR alone (Supplemental Fig. S1, A and B ; available online at www.biolreprod.org), representing nearly 90% of the cells as average (data not shown). Under confocal microscopy we observed that most of the cells were fluorescent, mainly in the mid-piece (Supplemental Fig. S1Ca and S1Cb). In Supplemental Figure S1Cc , one sperm cell from these experiments is observed at higher magnification, showing the fluorescence in the mid-piece and in part of the head. 
SPERM MITOCHONDRIAL DYSFUNCTION
DISCUSSION
In this study, we showed positive correlations of motility and kinetic characteristics of human sperm with the respiratory status of sperm mitochondria, obtained by HRR. HRR is more sensitive than regular respirometry, but it has rarely been applied for the analysis of gamete mitochondrial function, although it allows for the study of living, intact cells [35] . We assayed sperm respiratory status using the RCR, which shows the efficiency of mitochondrial coupling, is sensitive to several potential sites of dysfunction, and has the advantage of being independent of the amount of mitochondria [35] . The cell respiration inhibited by oligomycin is a direct measurement of proton leakage rates across the mitochondrial membrane in situ, which are comparable to isolated mitochondria state 4 (without ADP). In intact cells, this measurement represents the fraction of basal mitochondrial oxygen consumption used for the synthesis of ATP. The maximum respiration rate caused by the addition of FCCP (uncoupler) to intact cells is comparable to state 3 of isolated mitochondria (when an excess of substrates is added).
Thus, the RCR (measured by HRR) is an excellent marker of mitochondrial function in intact cells that robustly depend on almost every functional aspect of OXPHOS [33] . High-motility sperm showed a higher RCR than sperm with low motility, suggesting a better functional status of the mitochondria, as well as increases in respiratory reserve and in the production of ATP. Moreover, the mean of RCR of semen samples presenting levels of sperm motility less than the cut-off values proposed by the WHO to define male infertility [34] was significantly less than that of samples with normal motility. These data are concordant with those of Ferramosca et al. that showed that, in hypotonically treated sperm cells, mitochondrial respiratory efficiency was positively correlated with sperm motility [45] . Motility is actually needed to direct sperm to the oocyte for hyperactivation and, therefore, for fecundation [46] . As a consequence, sperm motility represents one of the major determinants of male fertility in vivo. Accordingly, the data presented in this work show correlations between RCR and computer-assisted analysis values. Most of these values were previously correlated with fertility rates, and they were also correlated with the vigor of sperm needed to reach and fertilize the oocyte [47] . Thus, the RCR could represent a measurement of the health of sperm mitochondria; consequently, RCR might be used as an indicator of the capacity of sperm to achieve fertilization.
The mitochondria constitute the key sites of bioenergetic control in mammalian cells due to their ability to couple the energy released during electron transfer to ATP synthesis. Additionally, mitochondrial electron transport is a major intracellular source of ROS. When produced in excess in a range of pathologies and/or toxic events, these species can produce mitochondrial, cell, and tissue damage. In this work, formation of 4-HNE adducts (although this did not reach statistical significance) and the nitration of proteins increased in samples with higher proportions of low-motile sperm, demonstrating greater production of oxidative species when the sperm were defective (Fig. 4) .
Sperm cells present several substrates for free radical attack, including DNA, proteins, and an abundance of polyunsaturated fatty acids in their plasma membranes. 4-HNE is generated as a result of lipid peroxidation of biological membranes and represents a bioactive aldehyde that forms adducts with hystidine, cysteine, and lysine residues. Hence, HNE-protein adducts represent a footprint of membrane oxidative stress. These modifications have been associated with enzyme inactivation, membrane transporters dysfunction, deregulation of cellular redox signaling, and several pathological conditions [48] .
Recently, it was demonstrated that electrophilic aldehydes (such as 4-HNE and acrolein) targeted the mitochondria of human spermatozoa, stimulate mitochondrial superoxide generation in a manner that was dependent on the activation of mitochondrial electron leakage, and decrease sperm motility [49] . These results may imply that, once mitochondrial dysfunction is established (whatever the cause of the CASSINA ET AL. dysfunction), a self-perpetuating mechanism is produced, leading to the loss of motility, DNA damage, and alteration of sperm membranes that diminish the fertility potential of sperm cells [49] .
Nitration of biomolecules has gained great biological significance, and it is largely dependent on nitric oxide-derived oxidants [30] , such as peroxynitrite. Human spermatozoa synthesize NO [22] , which mediates processes under circumstances in which it is produced at high rates or upon its reactions with other intermediaries, such as superoxide (O 2 À ) [30] , thus demonstrating the oxidant potency of the otherwise mildly reactive NO [50] . Indeed, the formation and actions of these molecules in mitochondria are favored because of the special features of this organelle in cellular redox metabolism and bioenergetics. First, the ETC (e.g., at complexes I and III) represents a major intracellular source of O 2 À , particularly during alterations in mitochondrial function and homeostasis; then, the arrival of NO from neighboring compartments, by diffusion [28] or by its generation inside mitochondria [26] , facilitates the combination reaction with inner membrane-derived O 2 À to yield peroxynitrite in situ.
To determine whether peroxynitrite could be produced by sperm mitochondria, we used DHR. DHR123 has been demonstrated to be a good indicator of ROS production in living cells [51] and even in sperm cells [52] . Results similar to those shown in Figure 6 have been previously observed in submitochondrial particles, in which O 2 À -and NO-forming systems produced peroxynitrite [53] . The ability to produce peroxynitrite by sperm mitochondria confirmed that the intrinsic metabolism of mammalian spermatozoa resulted in the generation of ROS as a consequence of electron leakage from the mitochondrial ETC [7] . Nitro-oxidative stress was correlated with sperm motility, indicating that mitochondrial production of ROS may produce sperm dysfunction.
Peroxynitrite has been previously recognized as a promoter of capacitation in several different mammalian species [41, 54] , but its role in human sperm function has not been clarified. The results shown here-although they do not discard a physiological role of peroxynitrite-point to a deleterious action of this potent oxidant species.
The mechanisms by which motility is lost when spermatozoa are under oxidative stress are not known with certainty, but both oxidative damage to the axonemes [15] and the depletion of intracellular ATP appear to be involved [14, 55] . The data on the immunolabeling of sperm flagella shown in this work, using antinitrotyrosine antibody, supported the hypothesis that those modifications of the proteins on the axonemes explain the loss of sperm motility. Moreover, the formation of RH in the mid-piece (where the mitochondria are located) of living sperm cells after being stimulated to produce peroxynitrite strongly support the formation of this product in the mitochondria and posterior diffusion to the remainder of the cell.
Finally, an active debate currently exists regarding the possible contribution of glycolytic activity versus mitochondrial OXPHOS in the production of the ATP necessary for human sperm motility [11, 45, 56] . The data presented in this work did not resolve this controversy. Alternatively, they might indicate that healthy mitochondria are needed to attain accurate sperm motility patterns. Other roles of mitochondria, such as control of redox intracellular signaling, might contribute to explaining the relationship between sperm motility and the production of ROS.
It is well known that leucocytes contaminate semen and produce ROS [57, 58] . Although, in this study, we included only those semen samples that possessed small amounts of leucocytes, we could not exclude the possibility that seminal leucocytes generated a proportion of the ROS. Nevertheless, there was no correlation between the number of leucocytes in the samples and the RCR. Therefore, the data presented in this work support the concept that sperm mitochondrial dysfunction plays a major role in sperm damage.
In conclusion, we showed that mitochondrial dysfunction is associated with reduced motility in intact human sperm. Furthermore, sperm mitochondria are able to generate peroxynitrite when exposed to nitric oxide. Post-translational oxidative modifications produced by peroxynitrite, such as the formation of 3-nitrotyrosine and 4-HNE-protein adducts, increased when sperm motility decreased. The correlations found in this study suggest that dysfunctional mitochondria could contribute to male infertility. Moreover, these data provide the rationale for future testing of compounds that improve mitochondrial function to treat male infertility.
